While the number of variant Creutzfeldt-Jakob disease (vCJD) cases continues to decline, concern has been raised that transmission could occur directly from one person to another through routes including the transfer of blood and shared use of surgical instruments. Here we firstly present data on the surgical procedures undertaken on vCJD patients prior to onset of clinical symptoms, which supports the hypothesis that cases via this route are possible. We then apply a mathematical framework to assess the potential for self-sustaining epidemics via surgical procedures. Data from hospital episode statistics on the rates of high-and mediumrisk procedures in the UK were used to estimate model parameters, and sensitivity to other unknown parameters about surgically transmitted vCJD was assessed. Our results demonstrate that a key uncertainty determining the scale of an epidemic and whether it is self-sustaining is the number of times a single instrument is re-used, alongside the infectivity of contaminated instruments and the effectiveness of cleaning. A survey into the frequency of re-use of surgical instruments would help reduce these uncertainties.
INTRODUCTION
To date it is believed that the majority of clinical cases of variant Creutzfeldt-Jakob disease (vCJD) in the UK have been caused by consumption of Bovine spongiform encephalopathy (BSE)-infected beef (Bruce et al. 1997; Hill et al. 1997; Scott et al. 1999) . Despite high estimates of the number of BSE-infected cattle that entered the food supply (in the order of 3-4 million animals (Donnelly et al. 2002) ), the number of cases of vCJD has remained low with 161 cases to the end of 2005, and the annual incidence steadily decreasing since 2000. Estimates for the total scale of the epidemic through this route have reduced over time and now lie in the low hundreds (Clarke & Ghani 2005) .
A survey of appendix and tonsil tissues (Hilton et al. 2004 ) estimated a much higher prevalence of infection in the population than suggested by the clinical cases. This finding is best explained by the hypothesis that a large proportion (84.4%) of infections are sub-clinical (i.e. will never go on to develop symptoms within their lifetime; Clarke & Ghani 2005) . Evidence for a sub-clinical vCJD state has been found in animal studies (Hill et al. 2000; Hill & Collinge 2003; Bishop et al. 2006) . Infection is detectable throughout the CNS and lymphatic system in patients with clinical vCJD (Wadsworth et al. 2001) . In addition, the abnormal form of the prion protein (PrP Sc ) has been detected in the spleen of a patient who died from other causes (Peden et al. 2004) and in the appendix of a vCJD case removed 3 years prior to their death (Hilton et al. 1998) . Given that infectious PrP Sc is detectable in patients showing no clinical symptoms, it is possible that it could be transmitted through surgical procedures. Surgical instruments are decontaminated routinely before use on another patient. However, research suggests that PrP binds strongly to stainless steel and that current sterilisation procedures are unlikely to be effective because of the high temperatures required to deactivate PrP Sc (Flechsig et al. 2001; Yan et al. 2004) . Furthermore, a survey of decontamination practices has shown that past practices fell short of the expected standard in many hospitals (Estates 2000) . Although steps have been taken to improve the situation (Estates 2001) , it is likely that the reality of decontamination is still less than perfect and hence that residual infectivity will remain.
In this paper, we firstly present results from an ongoing case-control study of risk factors for vCJD in relation to previous surgical procedures. We then extend the mathematical framework developed to explore the potential for self-sustaining epidemics via blood transfusions (Clarke et al. submitted) to one appropriate for high-and medium-risk surgical procedures in the UK. Data from hospital episode statistics (HES; www.hesonline.nhs.uk) are used to parameterize the rate and age distribution of high-and medium-risk procedures, and the model is used to assess the current risks and uncertainties associated with an epidemic transmitted by this route.
SURGICAL PROCEDURES UNDERTAKEN ON VARIANT CREUTZFELDT-JAKOB DISEASE CASES
Data on previous surgical procedures are routinely collected for all vCJD cases at initial interview with a close relative of the patient (Ward et al. 2006) . Furthermore, after death of the patient, medical records are obtained from their GP. According to these medical records, in total 130 patients have undergone a surgical procedure, with 119 patients having undergone a total of 335 surgical procedures prior to the onset of clinical symptoms. Since individual-level data on surgical procedures in the general population are not available, it is difficult to determine whether this rate is higher than average. However, no evidence has been found in the ongoing case-control study that the rate of surgical procedures is higher among cases than in age-and sexmatched controls (Ward et al. 2006) . Figure 1a shows the distribution of when surgical procedures were undertaken in relation to the onset of clinical symptoms. While a large proportion (45%) of procedures were undertaken over 10 years prior to onset (when the patients, if infected, could be expected to have low levels of infectivity and hence pose little risk for onward transmission), a substantial number of procedures were undertaken close to clinical onset. A minority of patients underwent multiple procedures (figure 1b). Overall the majority of procedures were classified as medium-risk for vCJD transmission, with only 19 classified as high-risk. For details of the classification of procedures see §3 below. These data therefore suggest that, while the overall rate of highrisk procedures is low, there remains an important potential risk of transmission via surgical instruments.
CURRENT RATES OF OPERATIONS AND CLASSIFICATIONS IN RELATION TO THE RISK OF VARIANT CREUTZFELDT-JAKOB DISEASE TRANSMISSION
The distribution of infective prion protein PrP Sc is uneven across the human body so that surgical operations on different body parts pose different risks for transmission. A classification of tissues according to the level of infectivity (into high, medium and none; WHO 2003) was translated into a classification of surgical procedures according to OPCS-4 codes (HSMO 1990 ; see tables 1 and 2).
The total number of operations performed in NHS hospitals in England from 1990 to 2004 stratified by the age of the patient at operation were obtained from HES (see figure 2 ). These numbers were scaled up by a factor of 1.2 to account for the difference in population size between England and Great Britain and by a further factor of 1.15 to account for 15% of operations that are undertaken in the private sector (Economics & Division 2001).
MODEL STRUCTURE
The model used here builds on previous models used to describe vCJD transmission (Ghani et al. 2003; Clarke & Ghani 2005 ). The population is described in 
c . Infection can either be pre-clinical, with individuals going on to develop clinical disease at the end of the incubation period, or sub-clinical, meaning that individuals never develop clinical disease. The first part of the incubation period is assumed to be non-infectious, whereas the later stages of the incubation period are infectious at a constant level. It shall be assumed that the distribution of the non-infectious period for those with sub-clinical infection is identical to that for the pre-clinically infected.
Previous studies have found that the incubation period distribution for pre-clinical vCJD infections is well approximated by a G-distribution. To model G-distributed incubation periods, the infected population is partitioned into F consecutive compartments with exponentially distributed waiting times in each. More precisely, a pre-clinically infected individual must pass through each of the F stages before dying, becoming infectious after f min stages. Similarly, a subclinically infected individual must pass through f min stages before becoming infectious. The purpose of the F stages is not to mimic an underlying aetiological process, but to ensure the incubation period is G-distributed. Also, the waiting time in the noninfectious and infectious parts of the incubation periods follow G-distributions, with means summing to the mean of the total incubation period.
For pre-clinical infection, the onset of clinical symptoms, which inevitably leads to death, occurs upon leaving the last incubation stage. The time span from onset of symptoms to death (approx. 1 year) is short compared to the incubation period (approx. 11 years), and any surgical operations undertaken on a patient known to have vCJD would follow the strictest standards for hygiene, minimizing any transmission after the onset of symptoms. Therefore, patients are removed from the model with the onset of symptoms, and death is effectively assumed to coincide with the onset of clinical disease. In contrast, the sub-clinically infected never leave the last incubation stage, and finally die from causes unrelated to vCJD.
For birth cohort c, which is composed of all individuals born in year c, the differential equations governing the dynamics of the susceptible population are d dt X c ðtÞ Z B c dðaÞKX c ðtÞ½l c;1 ðtÞ C l c;2 ðtÞ C m a ; ð4:1Þ
with a singularity at xZ0, and
. Age aZtKc, and for t!c, X c (t)Z0. B c is the number of births into cohort c (for simplicity assumed to happen at the beginning of year c), and m a is an age-dependent death rate of causes other than vCJD. l c,1 and l c,2 are the time-and age-dependent rates of infection for primary and secondary infection, respectively.
For The parameters l c,1 , u 1 , g 1 and F are fixed at the maximum-likelihood values obtained by fitting a survival model to the clinical cases of vCJD observed to the end of 2005 assuming that all but one (suspected to have been infected through a blood transfusion) occurred through consumption of infected beef (Ghani et al. 2003; Clarke & Ghani 2005) . At the beginning of the epidemic (taken to be in 1980), the whole population is in the susceptible classes, subdivided by vCJD transmission via surgery T. Garske and others 759 birth cohorts. The population size, age distribution and survival distribution are estimated from census data (Ghani et al. 2003; Clarke & Ghani 2005) , details can be found in appendix A. In the absence of data, we make the conservative assumption that survival is not affected by having had a surgical procedure.
Transmission via surgery
To incorporate surgical transmission, additionally we need to track clean and contaminated surgical instruments, which act as vectors for transmission. We assume that surgical instruments are kept in sets, and that the number of sets of surgical instruments n is constant over time. The proportion of sets that are contaminated is denoted by x(t) and the proportion of clean sets by 1Kx(t). With this, the rate of infection for secondary transmission, l c,2 , is given by l c;2 ðtÞ Z b hi t s J s ðtKcÞ N ðtÞ N c ðtÞ xðtÞ; ð4:8Þ where b hi is the transmission coefficient for transmission from surgical instruments to humans, t s is the rate of surgical procedures per person, J s (a) is the age distribution of surgical procedures (i.e. the probability that the patient is age a conditioned on the event of surgery), N c (t) is the number of people alive in cohort c at time t and N ðtÞZ P c N c ðtÞ is the population size at time t. The factor N(t)/N c (t) is used to adjust the age group specific procedure rate J s (a) in equation (4.8) for application to a specific birth cohort (note that generally, age groups are wide and made up of several yearly birth cohorts), under the assumption that events occurring in an age group are allocated to each birth cohort in direct proportion to its surviving population.
Clean instruments are contaminated with a contamination rate c, which clearly depends on the frequency of operations and the prevalence of infection in the human population. As the rate of operations per set of instruments is t s N(t)/n, we have X c . During the first part of the incubation period, pre-as well as sub-clinical individuals are non-infectious, in the later stages of incubation, they are infectious. D
(1/2) are the cumulative deaths from primary/secondary infection.
rate at which contaminated instruments are replaced by clean instruments is given by
With this, the proportion of contaminated instruments is given by d dt xðtÞ Z cðtÞð1KxðtÞÞKsðtÞxðtÞ: ð4:12Þ
The frequency of operations and age profiles J s (a) were fixed at the values presented in figure 2 with t s Z 1.13!10 K3 operations per person per year for high-risk procedures, and t s Z3.41!10 K2 operations per person per year for medium-risk procedures. The total number of sets in use n was parameterized via the frequency with which a set of instruments is used, n and the total number of operation per year, t s N, as nZt s N/n.
Calculation of the basic reproductive number R 0
If we assume that the total number of infecteds remains small compared to the population size, we can follow the approach by Diekmann et al. (1990) to obtain an analytical expression for the basic reproduction number R 0 : 
ð4:16Þ
Here, A is the maximal age that can be reached in the model population, N a is the number of people of age a and S(a 0 ja) is the survival probability to age a 0 conditioned on survival to a. The conditional survival probability is related to the annual death rate at age a, m a , by S(aC1ja)Z1Km a . A derivation of this equation can be found in appendix B.
Numerical simulations
Extensive sampling of parameter space was undertaken using Latin Hypercube sampling, varying most of the input parameters for which no data was available, as detailed in table 3. Scenarios were accepted if they were consistent at the 95% level with having observed no deaths from surgical routes to the end of 2005 (i.e. less than 3.3 expected deaths via this route). About 62% of scenarios for high-infectivity procedures and 8% of scenarios for medium-infectivity procedures were accepted. Simulations were run in batches of 1000 and 10 000 for high-and medium-infectivity procedures, respectively, and the results shown in figure 6 represent a typical batch.
THE POTENTIAL FOR A SELF-SUSTAINING EPIDEMIC
Inspection of the model equations and simulations reveals three factors influencing the potential for a selfsustaining epidemic of vCJD via surgical instruments: the infectivity of contaminated instruments, b ih b hi , the average number of times an instrument is used (and the subsequent decay in infectivity which may be enhanced by cleaning), d, and the number of operations undergone in different age-groups, J(a). Similarly to the transmission via blood transfusion (Clarke et al. submitted) , the overall frequency of surgical procedures t s rather than the age profile J s (a) appears to dominate the potential for a self-sustaining epidemic.
The infectivity of contaminated instruments is unknown but in the worst-case scenario can be no greater than one, which occurs if use of a contaminated instrument always results in infection. Thus, for a given frequency of operations, the major unknown determining the potential for a self-sustaining epidemic is the average number of times an instrument is used. It is difficult to put an upper bound on this value; the results presented here consider values up to 100 but it could vCJD transmission via surgery T. Garske and others 761 plausibly be higher. It is not known whether infectivity declines over time or remains constant after initial infection (e.g. if protein is not removed during the first cleaning cycle, does it become more strongly baked onto the instrument?). Here, constant infectivity is assumed, and therefore our results correspond to worst-case scenarios.
Under the assumption that the cases observed to date have not been infected via surgery, our scenarios give values of the reproductive number R 0 , ranging from well below 1 (the value required for a selfsustaining epidemic) to approximately 2 for high-risk procedures, and over 10 for medium-risk procedures. Figure 4 shows the relationship between the average number of procedures in which an instrument is used, d, the product of the probability of transmission from an infected person to the instrument, b ih , and from a contaminated instrument to a susceptible person, b ih (which we term the combined transmission parameter) and the reproductive number for high-and mediumrisk surgical procedures, R 0 . Self-sustaining epidemics can occur via this route at plausible values for d. For example, for high-risk procedures the average number of procedures per instrument need only be greater than 35 for high values of the combined transmission parameter while for lower values an instrument may need to be used up to 100 times.
The main difference between the high-and mediumrisk procedures stems from the difference in the frequency of operations, with medium-risk procedures occurring approximately 30 times more frequently than high-risk procedures, and in the plausible values for the combined transmission parameter (although it is not possible at this stage to attempt to quantify how much lower this would be). Thus if medium-risk procedures still result in a considerable infection risk, instruments used only 4-8 times could plausibly result in a selfsustaining epidemic.
A final uncertainty in the potential for self-sustaining transmission is the probability of sub-clinical infection and how infectious these and asymptomatic individuals are. For simplicity, the model assumes that both pre-and sub-clinically infecteds have a constant infectivity in the later stages of the incubation period. Figure 5 shows the relationship between the infectious proportion of the incubation period r, the probability of sub-clinical infection u 2 and the reproductive number R 0 for high-risk operations. Higher values of R 0 are obtained if the probability of sub-clinical infection is high; such scenarios result in infected individuals living longer and hence being more likely to transmit infection. In contrast, asymptomatic pre-clinical infections play a relatively minor role in onward transmission under such scenarios. Figure 6 shows the relationship between the reproductive number, the probability sub-clinical infection and the potential numbers of cases between 2006 and 2021. Data shown correspond to results obtained from 1000 and 10 000 different scenarios for high-risk and medium-risk operations, respectively, where those scenarios predicting more than 3.3 deaths to the end of 2005 were discarded as they are not compatible with having observed no cases via this route. This left 621 scenarios for high-infectivity procedures and 828 scenarios for medium-infectivity procedures.
POTENTIAL SCALE OF AN EPIDEMIC
In this range of scenarios cases in the next 15 years range up to approximately 200 for high-infectivity procedures and up to 1000 for medium-infectivity procedures. While the higher scenarios assume an perhaps unrealistically high probability of sub-clinical infection, the scenarios were only run using values of d, the average number of times an instrument is re-used, up to 100. Thus it is possible to generate a much larger range of epidemics if this constraint is relaxed and hence at present it is not possible to provide any guidance on future case numbers through this route.
DISCUSSION
Given the frequency of high-and medium-risk surgical procedures undertaken in the UK, a range of plausible scenarios suggest that surgical procedures could provide a potential route for a self-sustaining epidemic of vCJD. The main factors driving such an epidemic are the intrinsic ability of this route to transmit infection (both from infected individual to the instrument and from a contaminated instrument to an individual undergoing surgery with this instrument) and the average number of times a single instrument is re-used. Experimental studies have demonstrated that current sterilization procedures undertaken in hospitals are insufficient to totally remove all infectious PrP Sc (Yan et al. 2004; Jackson et al. 2005 ). However, translating such studies into measurable levels of infectivity in terms of human infectious doses will remain difficult. Thus it will be difficult to assess the potential impact of reducing infectivity on the scale of an epidemic. Our results demonstrate that the level of infectivity for different procedures is particularly important because it appears twice in the expression for the reproductive number: firstly, as the infectivity from infected person to instrument (which is difficult to reduce) and secondly, from contaminated instrument to susceptible individual (which can be reduced through improved cleaning). vCJD transmission via surgery T. Garske and others 763
The other unknown factor driving the potential for an epidemic is the average number of times an instrument is re-used. Currently, there are no data available to guide our choice for this parameter. Of course, if instruments are used only once then this effectively removes all potential for onwards transmission. Such a policy was introduced in Great Britain for tonsillectomies in 2001, but was later stopped in England because of concerns over the safety of the single-use instruments. However, as tonsillectomies form only a very small percentage of the total operations performed each year, such a policy is unlikely to have an impact at the population level. A first step to reducing the current uncertainty in the potential for self-sustaining transmission via surgery would be to survey the frequency with which different instruments are used, particularly those used on highinfectivity procedures. Also, tracking of surgical instruments should be improved, so that, at the very least, instruments are not re-used once the infection status of a patient is known.
The results presented here are based on a number of simplifying assumptions which are made in the absence of data but which may also be important in determining the potential for onward transmission: first, we have assumed that the risk of becoming infected during a surgical procedure depends only on the overall prevalence of infection on surgical instruments. Cohorting of instruments clearly occurs (e.g. an instrument used for eye surgery will subsequently likely be used again for eye surgery). This type of cohorting can increase the risk of a self-sustaining epidemic within the very highrisk procedures but is likely to reduce the overall spread of infection (Anderson & May 1991) .
Second, we have not incorporated multiple operations per patient, which again could reduce the overall spread of infection, but increase the risk for patients that frequently undergo surgical procedures.
Third, we have neglected the effect of reduced survival after surgery due to the lack of quantitative data. Survival is however likely to be substantially reduced, particularly for some procedures of the highrisk group such as neurosurgery. Incorporating this would lead to a reduction in transmission.
And finally, we have assumed that no cases so far have been infected via surgery. If there was even one case infected via surgery, this would increase our estimates substantially.
Despite these simplifications, our results clearly demonstrate that surgical procedures provide a potential route for self-sustaining vCJD transmission from human-to-human. The further strong association between surgical procedures and blood transfusion (with approximately half of all transfusions occurring during surgery, Wells et al. (2002) ) will increase the probability of such an event. Data on these overlaps as well as some simple measures of surgical instrument use are therefore a high priority so that models can be further refined to guide potential public health interventions.
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APPENDIX A. SURVIVAL PROBABILITY
The annual numbers of births B c and the age-dependent death-rate m a have been estimated from census data (see Ghani et al. (2003) ; Clarke & Ghani (2005) ). A plot of the probability of survival S(a) is shown in figure 7 . The conditional survival probabilities used in appendix B are given as S(aja 0 )ZS(a)/S(a 0 ), whereas the death rate at age a can be obtained as m a ZK d da SðaÞ.
APPENDIX B. CALCULATION OF THE BASIC REPRODUCTION NUMBER R 0
It is assumed that any potential vCJD epidemic is much smaller than the population size, and then the method from Diekmann et al. (1990) can be used for calculating R 0 . R 0 is given as the leading eigenvalue of the next generation matrix
where Np hi is the expected number of humans infected by one infected set of surgical instruments, whereas np ih is the expected number of sets of surgical instruments that are infected by one human. The calculation of Np hi is fairly easy: once a set is infected, it has on average d operations left before it is cleaned/discarded, and thus the expected number of humans infected by it is N p hi Z b hi d: ðB 2Þ The expected number of sets that are infected by one human depends on the age a at which the human himself became infected, and thus we have
where np ia is the expected number of sets that are infected by one human who became infected at age a. This is given by the infectivity P(t;i, a) of humans (infected at age a) towards instruments, at time t after infection as
We have Pðt; i; aÞ Z aðt; aÞPðt; aÞ; ðB 5Þ where aðt; aÞ Z b ih t s J s ða C tÞ N N aCt G f min ðtÞ; ðB 6Þ
is the rate of infection of sets of instruments by one infected person infected at age a, time t after infection. G f min ðtÞZ 1KexpðKg 2 tÞ P f min K1 rZ0 ðg 2 tÞ r =r! is the cumulative distribution function of the non-infectious period after infection, which is a G-distribution, and it ensures that individuals can only transmit disease after having passed the non-infectious period.
P(t;a) is the survival probability of an infected person from age a to aCt, given as Pðt; aÞ Z ½u 2 C ð1Ku 2 Þð1KG F ðtÞÞ $Sða C ujaÞSða C u C 1ja C uÞ tKu ;
where uZbtc. Here, G F ðtÞZ 1KexpðKctÞ P FK1 rZ0 ðctÞ r =r! is the cumulative distribution function of the incubation period distribution, and it determines the additional risk of dying from disease for the pre-clinically infected. Thus, 
with m(u, a), k r (u, a) and l r (u, a) from equations (4.14), (4.15) and (4.16), respectively. For R 0 we have
This yields the basic reproduction number given in equation (4.13). vCJD transmission via surgery T. Garske and others 765
